A complete one loop analysis of the chromoelectric dipole contribution to the electric dipole moment (edm) of the quarks and of the neutron in N=1 supergravity including the gluino, chargino and neutralino exchange contributions and exhibiting the dependence on the two CP violating phases allowed in the soft SUSY breaking sector of minimal supergravity models is given. It is found that in significant parts of the supergravity parameter space the chromoelectric dipole contribution to the neutron edm is comparable to the contribution from the electric dipole term and can exceed the contribution of the electric dipole term in certain regions of the parameter space. An analysis of the contribution of Weinberg's purely gluonic CP violating dimension six operator within supergravity unification is also given. It is found that this contribution can also be comparable to the contribution from the electric dipole term in certain regions of the supergravity parameter space.
Introduction
The electric dipole moment (edm) of fermions is one of the important windows to new physics beyond the Standard Model (SM). In the SM the edm for the fundamental fermions arising from the Kobayashi-Maskawa CP violating phase is much smaller [1] than the current experimental limit of 1.1 × 10 −25 ecm [2] and beyond the reach of experiment in the forseeable future. In supersymmetric unified models new sources of CP violation arise from the complex phases of the soft SUSY breaking parameters which contribute to the edm of the quarks and of the leptons [3] [4] [5] [6] [7] [8] [9] . For the case of the quarks and the neutron there are also the color dipole operator and the CP violating purely gluonic dimension six operator [10, 11] which contribute. However, with the exception of the work of ref. [9] virtually all previous analyses of the neutron edm have been done neglecting the contributions of these additional operators. The reason for this neglect is the presumption [6, 7, 8] that their contribution to the neutron edm is small. In the analysis of this paper we show that the contributions of the color dipole operator and of the purely gluonic operator are not necessarily small and over a significant part of the supergravity parameter space their contribution to the neutron edm is comparable to the contribution from the electric dipole operator and can even exceed it in certain regions of the parameter space.
In this Letter we first derive the full one loop contribution to the color dipole operator arising from the gluino, the chargino and the neutralino exchange contributions exhibiting the dependence on the two CP violating phases allowed in the soft SUSY breaking sector of minimal supergravity models. To our knowledge this is the first complete one loop analysis of this operator. We also recompute the purely gluonic dimension six operator to incorporate the dependence on the two CP violating phases. We then give a numerical analysis of the relative strength of the color dipole contribution to the neutron edm relative to the contribution from the electric dipole term using the framework of supergravity unification under the constraint of radiative breaking of the electro-weak symmetry. Our analysis shows that the color dipole contribution relative to the electric dipole contribution can vary greatly over the parameter space of the model. We find that there are significant regions of the parameter space where the color dipole contribution can be comparable to the contribution from the electric dipole term and in some regions of the parameter space the color dipole contribution can even exceed the contribution from the electric dipole term. A similar analysis is also carried out for the purely gluonic dimension six operator. Here again one finds that there exist regions of the parameter space where the contribution of the purely gluonic dimension six operator to the neutron edm can be comparable to, and may even exceed, the contribution from the electric dipole term. Thus one is not justified in discarding the effects of the color dipole operator and of the gluonic dimension six operator in the neutron edm computation.
The outline of the Letter is as follows: In Sec.2 we give the complete one loop calculation including the gluino, the chargino and the neutralino exchange contribution to the color dipole operator and discuss its contribution to the electric dipole moment of the neutron including its dependence on the two CP violating phases in minimal supergravity. In Sec.3 we recompute the dimension six gluonic operator to include the effects of the two CP violating phases. In Sec.4 we give the renormalization group analysis in minimal supergravity of the relative numerical strengths of these contributions and show that they can be comparable to the electric dipole contribution in significant regions of the parameter space.
Analysis of Chromoelectric Dipole Contribution
The parameters that enter in minimal supergravity grand unification with radiative breaking of the electro-weak symmetry can be taken to be m 0 , m 1/2 , A 0 , tanβ and phase(µ), where m 0 is the universal scalar mass, m 1/2 is the universal gaugino mass, A 0 is the universal trilinear coupling, tanβ =< H 2 > / < H 1 >, where H 2 gives mass to the up quark and H 1 gives mass to the down quark, and µ is the Higgs mixing parameter [12, 13] . As noted in Sec. 1 only two phases in the soft SUSY breaking sector have a physical meaning in minimal supergravity, and we choose them to be the phase α A0 of A 0 and the phase θ µ0 of µ 0 . The quark chromoelectric dipole moment is defined to be the factord c in the effective operator:
where T a are the generators of SU(3). In the following we give an analysis of the one loop contributions tod c from the chargino, the neutralino and the gluino exchange diagrams shown in Figs. 1a and 1b.
Gluino Contribution
The quark-squark-gluino vertex can be derived using the interaction [13] 
where a = 1 − 8 are the gluino color indices, and j, k = 1 − 3 are the quark and squark color indices. The complex phases enter via the squark (mass) 2 matrix M 2 q which can be diagonalized by the transformation
whereq
and whereq 1 andq 2 are the mass eigenstates. Writing L in terms ofq 1 andq 2 and integrating out the gluino and squark fields and by using the identities
and
one can obtain the gluino exchange contribution tod c . We find
where
and mg is the gluino mass and
Neutralino Contribution
Here the CP violating phases enter via the the squark (mass) 2 matrix, which contains the phases of A q and µ, and via the neutralino mass matrix given by
which carries the phase of µ. The matrix M χ 0 is a complex non hermitian and symmetric matrix, which can be diagonalized by a unitary transformation such that
Quark-squark-neutralino vertex can be derived from the interaction[13]
where α, β, γ and δ are given by
and where
The one loop analysis using Eq. (12) gives ford
Here
where b = 3(4) for
) and :
Chargino Contribution
Here the CP violating phases enter via the squark (mass) 2 matrix and via the chargino mass matrix given by
which involves the phase of µ. The chargino matrix can be diagonalized by the unitary transformation:
The quark-squark-chargino vertex can be derived from the interaction[13]
and ford c one gets for the up and down flavors
The contribution to EDM of the quarks can be computed using the naive dimensional analysis [14] which gives
where η c is the renormalization group evolution of the operator of Eq.(1) from the electroweak scale down to hadronic scale [15, 9] . For the neutron electric dipole moment d n we use the naive quark model
CP Violating Purely Gluonic Dimension 6 operator
The gluonic dipole moment d G is defined to be the factor in the effective operator
where G αµν is the gluon field strength tensor, f αβγ are the Gell-Mann coefficients, and ǫ µνλσ is the totally antisymmetric tensor with ǫ 0123 = +1.
Dai et al [11] have calculated d G considering the top quark-squark loop with a gluino exchange in terms of the complex phase φ of the gluino mass while the squark (mass) 2 matrix in their analysis was considered to be real. In our case the squark (mass) 2 matrix is complex and carries the phases of A q and of µ. We have recalculated d G for our case and we find
where D t is the diagonalizing matrix for the stop (mass) 2 matrix, and the function H is the same as in [11] . The contribution to d n from d G can be estimated by the naive dimensional analysis [14] which gives
where M is the chiral symmetry breaking scale with the numerical value 1.19 GeV, and η G is the renormalization group evolution of the operator of Eq.(31) from the electroweak scale down to the hadronic scale. η c and η G have been estimated to be ∼ 3.3 [15, 9] .
RG Analysis and Results
We discuss now the relative size of the three contributions to the neutron edm, i.e., from the electric dipole operator, from the color dipole operator and from the purely gluonic operator. To study their relative contributions we consider a given point in the supergravity parameter space characterized by the set of six quantities at the GUT scale: m 0 , m1 2 , A 0 , tan β, θ µ0 and α A0 . In the numerical analysis we evolve the gauge coupling constants, the Yukawa couplings, magnitudes of the soft SUSY breaking parameters, µ and the CP violating phases from the GUT scale down to the Z boson scale. We use one-loop renormalization group equations (RGEs) for the soft SUSY breaking parameters and two-loop RGEs for the Yukawa and gauge couplings. Using the data gotten from the RG analysis at the scale M Z we compute the contributions to the quark edm from the electric dipole part (d 
where θ µ and α A are the values of θ µ 0 and of α A 0 at the electro-weak scale. From Eq. (36) we see that the magnitude of Im(Γ 12 t ) depends on the relative sign and the magnitude of θ µ and of α A . Thus one has a cancellation between the A t and the µ terms when θ µ and α A have opposite signs as in case(i) and a reinforcement between the A t term and the µ term when θ µ and α A have the same sign as in case(ii). Thus one can qualitatively understand the largeness of d It is interesting to note that each of the four cases of Table 1 leads to a distinct pattern of hierarchy among the three contributions. Thus one has
The analysis clearly shows that any one of the three contributions can dominate d n depending on the part of the parameter space one is in. We note also that d E n for all the four cases in Table 1 is consistent with experiment while the total edm which includes the color and the purely gluonic part for cases (ii) and (iv) would be outside the experimental bound.
In Fig. 2 we display the magnitudes of d Fig.(3b) and it exhibits a similar phenomenon. In conclusion we have given the first complete one loop analysis of the chromoelectric contribution to the electric dipole moment of the quarks and of the neutron exhibiting the dependence on the two arbitrary CP violating phases allowed in minimal supergravity unification. We find that the relative strength of the chromoelectric contribution varies sharply depending on what part of the supergravity parameter space one is in. In significant parts of the parameter space the chromoelectric contribution is comparable to the electric dipole contribution and can even exceed it in certain regions of the parameter space. A similar conclusion also holds for the contribution of Weinberg's CP violating purely gluonic dimension six operator. The analysis of the neutron edm exploring the full parameter space of supergravity unified models is outside the scope of this Letter and will be discussed elsewhere. We only state here that the inclusion of all the three components of the neutron edm, i.e, d These results have important implications for the mechanisms needed to suppress the neutron edm in SUSY, for the effect of CP violating phases on dark matter and on the analyses of baryon asymmetry in the universe.
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